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o) orientation by the MoS;. For asperity contact temperatures significantly above the softening .
- ! point of Bp03, the friction coefficient returned to about the same value as for temperatures i
i below the softening point. It is speculated that By03 liquifies resulting in the cxide
i acting less adhesively thereby lowering the friction coefficient. This liquification also

provides a mechanism for greater loss of MoS; and an increased wear rate.

+ gym—

These observations support a hypothesis that an additive. such as boric oxide, can soften
as the asperity contact temperature approaches the softening point temperature of the
b additive so that the overall tribological conditions may be improved resulting in reduced
b interfacial wear. Different thermal or pressure-velocity (PV) conditions, for this same
E additive, will significantly detract from optimum conditions. |

RN IS B b M h s S s e era oo oo o " P ) LR P N T R JRe T I RPN T
R A 2l - e pav an o g > eyl > ~ - -
v Y CIM el St es e e o ~o



TN\

PREFACE

This technical report was prepared for the Lubrication Branch, Fuels
and Lubrication Division, Aero Propulsion Laboratory (APL), Air Force
Wright Aeronautical Laboratories {AFWAL), Air Force Systems Command,
Wright-Patterson Air Force Base, Ohio. The work herein was accomplished
under Project 3048, Task 304806, Work Unit 30480626, "Turbine Engine
Lubricant Research" for the period January 1987 to June 1987, with Mr Chris
J. Klenke, AFWAL/POSL, as project engineer.
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g SECTION I

INTRODUCTION

The 1imit at which synthetic fiuids can act as & Tlubricant is

B Y s

generally accepted to be around 70C°F due to vaporizatien and thermal

oA

degradation (1). At this, and higher temperatures, solid lubricants become

e
i
very mportant due to their <inermsl and oxidative stability. Solid 2:
lubricants are also important [or other applications in which 1iquid o

Tubricants can become cortamirated or cannot support the required load (2).
Other advantages of solid lubricants are good stebilities at aoxtrems

temperatures, light weight, and better separation of mating surfices when

sliding slowly under high Toads. Some disadvantages uf a solid Tubricatinn

{

system include the following: friction coefficients are generally higher
for solid lubricants than for fluids, finite wear lives, and feed rates of
gas - entrained solid lubricants must be carefully controlled to prevent
clogging and binding with excess Tubricant if a powder delivery system is
employed (3). Examples of solid iubricants in use today are molybdenum
disulfide (MOSZ) and graphite.

Various materials may bte added to solid lubricants for the purpose of
improving the wear volume and/or friction coefficient. 1In order to narrow

uown the 1ist of candidates for a solid lubricant additive, it is important

N AT ol LA TR R S

to underst.nd how the additive perior.us beneficially and the criteria which

LY

are critice’ in their selection.
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Recent research presents a hypothesis which states that some additives
improve solid lubricant performance due to the additives' ability to soften
at the asperity contacts, under certain conditions, which permits the solid
lubricant to attain and retain a preferred orientation thereby improving
the overall tribological situation (4)}. The number of real area contacts
between the pellet and substratza, at any one time, is highly dynamic.
Pictures taken of steel pins sliding on a disk, with exposure times of Tess
than 33 millisecounds, show the number of asperity contacts to be roughly
constant at seven plus or minus three, suggesting a minimum three point
contact. The asperity contact temperature is estimated to be roughly 200°C
above the surface temperature oi the substrate (5).

To more closely examine this hypothesis boric oxide, 8203, was
sefected for tormulalion with Mos2 so that tribological studies couid be
conducted above and delow the glass transition (Tg) temperature (253°C) of
the additive to determine where performance of the solid lubricant would be
enhanced by the additive. Two criteria used to assess the performance of
M052/8203 formulations were the friction coefficient and wear volume in a

sliding wear test.
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SECTION I1

EXPERIMENTAL

To assure that wear volumes and friction coefficients generated in the
pellet tests were not due toc a few, large, hard particles, inc 8203 was
sieved through a nickel screen to a size no larger than 75 microns
{Fig. 1}). 53.4 mg of the sieved 8203 and 246.4 wma of M052 were
mechanically mixed in a test tube with a vortex spirner 10 insure good
dispersion of the two powders. The mixed powder was formed at about
<5000 psi into a compact cylinder with a conically shaped tip. The cone
was then trimmed on a lathe to an angle of 21.8 degrees (Fig. 2). The
compressed pellet was mounted and counterbalanced in a MRI MARK VB wear
test machine (6) and axially loaded with 100 grams. The cone rested on an
isopropanol washed, 0.002 inch thick, stainless steel substrate which was
rigidly mounted on a heated metal support. The substrate was rotated at
450 rpm for each test. Insignificant, minor variations in rpm was noted
throughout the tests. The pelleil arm holder is linked to a linear voltaye
differential transformer (LVDT). The tangential load exerted by the
sliding pellet causes & deflection of the LVDT which was recorded
continuously throughout each test on a strip chart recorder. LVDT
deflection, as a function of static load, was calibrated before each run.
The distance between the cone tip and the center of rotation was measurec
afier each run. Friction coefficients were calculated using these data.

The wear test machine is equipped with a bell jar permitting control

3

of the iest atmcsphere. Before each run, a vacuum was drawn to 107~ torr

and tr: chamber then recharged with filtered, dry air. This process was
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Figure 2, Wear Pellet Configuration
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repeated three times to insure & dry atmosphere. 8203, MoS29 and compacted
pellets were stored in a descicator at all times other than duvirg
preparation or testing.

Triplicate pellet tests were run for 1) minutes at 21°C. 100°C, i50°C,
200°C, 250°C, 300°C, and 316°C. After each test, the diameter of tne wear
cone was measured using a Baush and Lomb stereomicroscope which was
calibrated using a stage micrometer. The wear volume of each pellet was
calculated knowing the radius of the wear cone and the geometric
configuration of the pellets. <lalculation of wear volume is as follows:

Volume = (1/3)r%h = 1.047v2h
for a 21.8° cone, h = 0.39997r
or, volume = 0.4188r3
vhere r = radijus of wear cone base
and h = he“ght of wear cone of removed material
After each test, the worn peilets were evapcratively coated with gold and

the wear area examined in an Amray 1600 Scanning Electron Microscope (SEM).
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SECTIUN Iil

RESULYS

of test temreratures are given in Tabies 1 2nd Z. Sutlys
omitted for various reasons including faiilure ip veni th: gramdar i«
before a run and breaking of the conical pe

test.

As seen, the data indicate thet the friction coefficisels incrmese
significantly up to 150°C after which there s 2 dramelic deciims. v

average wear volume is large af 21°C with & wv3ipe of 842 ™. ==

i
f
b
i
3
&
]
rv

wear voluwes are generated us tc 2 test temmers 3
of wear is generated. As the terdOsrature is increazsd =
volume increases slightiy tg 8.05 =s=™.

SEM photographs of the roo= ‘empersture wear peileis adkiiited vridt
in the wear surfaces {Fig. 3j. Appearance 57 152 wees Sssr¥soes for sls
ran below 150°C are irreguiar with j2gosd soges. AL e rest owsgerzlure

of 150°C, the wear surface becs=e sore <Cirgsiar oith roumdef sopes.

increased to 316°L, the wear survace relaiss 2 romndad apmmersnee 0% 2

smooth <urface. Plastic defammeiion of meterizl, 3o The «mpr Evoes. 2

still evident at 316°C.

i

S SRR RIS T e e T T o

=
L
=

£}

0

el o bt ol ol ot AR i ol e Wl g, Foat ey W 1w Mﬁ“ “HW VM)]“W " i - ml W&m mﬂ’:ﬂw » ML*’ im!&”m&




% e Tty b SRR WLt TN AN I P B A A

BE=883%

vl

H codcdocs®

-ﬂu.ﬂww wi el oy e vl il

23

‘

¢ 5| REREBAY -

Lo ] 3 oowh g gt oot f
3 - doceoe w @@iﬁ%é?
&; ﬂov A.a £ ﬁ L % .9ﬁw

I ]
i e R O o cs e

IEE IR T TR I L 1

yEegans

%%i.%%%aﬁ

2 v |

e

LR o I s R )
TR K L T O 1

AL ECLY
:J 3: ;2 o g

%:ah.m{%_ﬁsﬁ

1 REREEYE

3., 7] .Qﬁ B gs“ ps sw ﬁ&

ISR ZOE LB T L L

iz&& wm

W ol 6 Lol el o

¥

ﬂ@;@@ﬁa@

-

Fl

ML END TERTE

-
Y
3

-
EESHESS
e
AT 3L
.
=5 - &
5 K,
= Y
EIPE VRSB EF
-

ks
3

Pl

EEd
3 -

1 ST

i

| BRERER

e AETE
R

%
o .
(%) ?3
_%z} &*
af
mﬁ VTR AR

SRR R
ﬁﬂ_g
[

%{% g % S il

e g o gt ot il ult ot o'y MM il e B Gt it fit
by




R G ek g -l s Rt B e xe oy N
. T W A AN ML R N W P WS ST 0 G W WL W M L s g 0¥ N

17 1Y WA g

5 Figure 3. Wear Surface Containing Voids at 21°C
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Figure 4. Wear Surface Exhibiting Areas of Plastic Deformation at 150°C
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SECTION 1V
DISCUSSION

The wear data generated indicate that wear volume for 8203/M082
compacts varies with test temperature. Wear volumes of the pellets ran at
room temperature were Tlarge compared to wear generated at higher
temperatures. A SEM examination of the 21°C wear surface revealed many
voids (Fig. 3). It is speculated that 8203 acts as an abrasive at the
interface and generated voids when some of the oxide particles are torn
from the compact matrix. This mechanism explains the high wear volume
occurring at room temperature. The inclusion of brittle, abrasive material
into the MoS2 would also account for the comparatively high friction
coefficient.

At the test temperature of 150°C, there is a noticeable reduction in
the wear volume and increase in friction coefficient as compared to the
lower test temperatures (Figs. 5 and 6). The low wear volume at this
teniperature 1is attributed to 8203 softening at asperity contacts and
plastically deforming, thereby allowing MoS2 crystallites to obtain and
retain a preferred tribological orientation,

The increase 1in the friction coefficient, at 150°C, may be
rationalized by an increased "tackiness" of the 8203, which is now acting
adhesively. The result of this increased "tackiness" is the creatior of a
large tangential force resulting in an increased friction force (Fig. 6).
Simitar behavior has been observed for boron carbide sliding on stainless
steel in air. In that system, boron carbide oxidizes to ferm a “sticky"

boron oxide film which then increases the friction (7).
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Figure 5. Effect of Temperature on Wear Volume
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1t has been shown that the asperity contact temperature for sliding

speeds in the range of 20C cm/sec with selected materials is generally
about 200°C above the test temperatuve {8). There are, however, many other
factors which can influence the actual temperature of these contact areas.
For these series of tests, the sliding speed was 50 cm/sec which would
create lower asperity contact temperatures than the predicted estimate
because less frictional heat is being generated and contact materials are
different. The softening point of the 8203, which corresponds to its Tg,
has been reported as 253°C (526°K) (9). It would not be unreasonable,
therefore, to assume that the asperity contact temperature wvould be in the
range of 250°C to 300°C, at substrate temperature of 150°C. It should be
kept in mind that water way play a role in deteriining the Tg of 8203 which
in turn will effect the temperature at which 8203 will soften. The Tg of a
substance, such as 8203, is also, of course, a dynamic quantity which
depends on the rate of cocling or heating of the amorphous material which
may influence near surface performance of the additive.

When the substrate temperatures were increased to above 150°C, the
wear volume increased slightly and yielded a friction coefficient equal to
the average value it possessed below 150°C. The fact that the frictional
coefficient returned to its pre-150°C value lends support to the concept
that the high friction coefficient at 150°C is caused by the 8203 becoming
tacky. }

At temperatures higher than 150°C, it is presumed that 82O3 becomes
much less viscous at the asperity contacts which permits MoS2 to be removed
from the interface, which provides a rationalization for a lower

coefiicient of friction and higher wear rate.
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Data from a previous study (4) show that the wear volume for MoS2 is
around 0.2 wm3 for a 20 minute run at 21°C. 8203/M052 run under the same
conditions for only 10 minutes, generated a wear volume of 0.43 mm3,

8203/MoS2 compacts tested at temperatures over 100°C, generated average

wear volumes under 0.06 mm3

0.17 nmp. Friction coefficients for B?O3/MoS2 pellets at those

while MoS2 alone exhibited wear volumes over

temperatures, with the exception of 150°C, were around 0.15 which are

similar to those generated by MoSz.

The wear data suggest that there is a test temperature at which there
will be a minimum wear volume (Fig. 5), due to complex physical
interactions between the solid lubricant, additive, and the substrate
surface, which corresponds to near the maximum in friction coefficient

(Fig. 6).
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SECTION V
CONCLUSIONS

This study supports the hypothesis that selected additives scoften
under appropriate asperity contact conditions permitting the solid
lubricant to attain and retain a preferred orientalion thereby improving
tribological conditions. 8203 used here as an additive in MoS2 resulted in
a maximum 64% reduction in wear volume and an increase in the friction
coefficient when the asperity contact temperature nears the softening point
of the oxide.

Test temperatures significantly below the softening point of the oxide
evidently causes the additive to act as an abrasive with high wear and a
high friction coefficient. At relative high temperatures, 8203 becomes
softer, perhaps even to the point of becoming liquid, permitting easy
removal of compact material at or near the contact points. Thus, the
increased fluidity of B203 causes it to be less adhesive which lowers the
friction coefficient but aise provides a mechanism for greater loss of ﬁosz
and increased wear rate.

The study also supports a concept that a solid lubricant additive or a
lubricant by itself, that acts benefically due to softening, is Tikely to
have a small envelope of usefulness in terms of temperature, pressure, and
sliding speeds. This dis in contrast to materials such as MOS? and
graphite, which act as lubricants because of their laminar structure and

have a much Targer envelope of usefulness in terms of temperature,

pressure, and slidin¢ speeds.
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